The spin-orbit coupling constants (Av+) for O+2 (A 2Πu,v+=0-17) and O+2 (a 4Πu,v+=0-25) were computed based on the Pauli-Breit Hamiltonian with one and two electron terms for comparison with experimental measurements. In the present theoretical study, the vibrational wave functions are obtained using the potential energy curve calculated at the multireference configuration interaction (MRCI) level of theory, with single and double excitations from the complete active space self-consistent field (CASSCF) reference wave function. The electronic wave functions and spin-orbit coupling constants are obtained at the CASSCF and restricted MRCI levels. The effect on Av+ for O+2(A 2Πu,v+) and O+2(a 4Πu,v+) due to interactions of the O+2(A 2Πu,v+), O+2(a 4Πu,v+), and O+2(2Σ+u)states is examined. The theoretical Av+ predictions for O+2(A 2Πu,v+) are found to be consistent with the experimental finding that O+2(A 2Πu) is an inverted spin-orbit state at low v+ levels and becomes a regular spin-orbit state at higher v+ levels. Good accord between theoretical predictions and experimental results for O+2 (A 2Πu,v+=0-12) is observed with discrepancies in the range of 2-10 cm −1 . In the case of O+2(a 4Πu,v+), excellent agreement between theoretical ab initio and experimental results is found with a discrepancy of 2-5 cm −1 . Our effort to theoretically reproduce experimental fine structure in the Av+ curve for O+2(a 4Πu,v+) based on interstate vibrational interactions has met with limited success.
⌸ u ,v ϩ ϭ0 -25) were computed based on the Pauli-Breit Hamiltonian with one and two electron terms for comparison with experimental measurements. In the present theoretical study, the vibrational wave functions are obtained using the potential energy curve calculated at the multireference configuration interaction ͑MRCI͒ level of theory, with single and double excitations from the complete active space self-consistent field ͑CASSCF͒ reference wave function. The electronic wave functions and spin-orbit coupling constants are obtained at the CASSCF and restricted MRCI levels. 
I. INTRODUCTION
Considerable uncertainty has existed concerning the interpretation of the spin-orbit coupling in the O 2 ϩ (A 2 ⌸ u ) state. [1] [2] [3] [4] [5] [6] On the basis of a previous O 2 ϩ (A 2 ⌸ u ) →O 2 ϩ (X 2 ⌸ g ) emission study, Stevens concluded that low v ϩ vibrational levels for O 2 ϩ (A 2 ⌸ u ) were regular and have positive spin-orbit coupling constants A v ϩ.
1,2 However, the subsequent analysis of new emission bands showed that A v ϩ is negative, i.e., inverted, for v ϩ ϭ0, 5, and 6 and positive for v ϩ ϭ8, providing the first evidence that the O 2 ϩ (A 2 ⌸ u ) state changes from an inverted state to a regular state around v ϩ ϭ7. 3 This conclusion was supported by the critical analysis of early emission data by Albritton et al. 4 The highresolution emission experiment of Coxon 
II. THEORETICAL METHODS

A. Energy levels and spin-orbit coupling
The method used to calculate ab initio A v ϩ values is described in greater detail in Ref. 11 . All calculations were performed with a fairly large basis set ͑the AVTZ basis in MOLPRO͒.
14 -18 The potential energy curve for O 2 ϩ as a function of the O-O distance ͑R͒ was determined ͑using MOLPRO͒ at the multireference configuration interaction ͑MRCI͒ level of theory, with single and double ͑SD͒ excitations from the complete active space self-consistent field ͑CASSCF͒ 19 reference wave function. The full valence active space includes 11 electrons in 8 orbitals ͑2s and 2p͒. 13 The core 1s orbitals were correlated at the CI step with single and double excitations into the virtual space. This method is denoted as MR͑SD͒CI.
The spin-orbit coupling matrix elements as a function of R were calculated separately for each pair of electronic states with GAMESS, 13 using the full Breit-Pauli Hamiltonian 20 with both CASSCF and truncated second-order configuration interaction ͑SOCI͒ levels of theory. The SOCI wave function differs from the MR͑SD͒CI wave function that was used to obtain the energy. The MR͑SD͒CI wave function takes into consideration all contracted single and double excitations from the CASSCF space into the full virtual space ͑82 orbitals͒, whereas the SOCI virtual space is limited to 26 orbitals. In addition, the SOCI wave function includes no core excitations. The size of the SOCI virtual space was chosen to maintain a manageable number of configuration state functions ͑between 200 000 and 300 000͒. The cutoff to limit the virtual space was determined by choosing all low-lying virtual orbitals that are separated from the rest of the virtual space by an energy gap of 0.4133 and 1.0504 hartree at equilibrium and dissociation limit, correspondingly. In addition, molecular orbitals were separately optimized for each state at the MR͑SD͒CI level, and a single set of orbitals was optimized for the A 2 ⌸ u state and subsequently used for all states at the SOCI level. The first-order CI ͑FOCI͒ method was also explored, in which all uncontracted single excitations from the CASSCF space into the full virtual space of 82 orbitals are included. However, the spin-orbit coupling constants predicted by this level of theory are unacceptably poor as compared to the experimental results, so this method was not extensively pursued. All calculations were performed in the Abelian subgroup of D ϱh (D 2h ).
The potential energy curves for
4 ⌸ u , and 2 ⌺ u ϩ ͒ calculated at the MR͑SD͒CI level are shown in Fig. 1 , while the potential energy curves for O 2 ϩ (A 2 ⌸ u , a 4 ⌸ u , and 2 ⌺ u ϩ ͒ obtained using the SOCI method are presented in Fig. 2 . The behavior of the two sets of curves is clearly similar.
As in previous calculations, the eigenfunctions of the Morse potential 21 
FIG. 1. Potential energy curves for O
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obtained by fitting the theoretical potential energy curves were used to calculate the nuclear wave functions. 11 The Morse parameters ͑R e , a, and D e ͒ for the ab initio potentials obtained at the MR͑SD͒CI and SOCI levels of theory are compared in Table I with literature values 22 based on experimental measurements. As expected, the Morse potential fitted to the MR͑SD͒CI potential is in better agreement with the experimental values.
The ab initio spin-orbit coupling constant as a function of R, A(R), was first calculated at discrete R values and then fitted to an appropriate analytic functional form for the convenience of performing numerical integration. The best fitted curve to A(R) values was found to have the functional form A͑R ͒ϭh͑ 1ϩtanh͑RϪR o ͒s ͒ϪA 0 . ͑2͒ . The ab initio A(R) values calculated using the CASSCF ͑solid dots͒ and SOCI ͑solid triangles͒ methods, together with their best-fitted curves ͑solid lines͒, are plotted in Fig. 3 .
In order to gain a better understanding of the nature of the inversion of the spin-orbit coupling constant for O 2 ϩ (A 2 ⌸ u ), the one-electron and two-electron contributions to A(R) were separately studied at the SOCI level. The oneelectron contributions ͑open circles͒ and two-electron contributions ͑open squares͒, along with their sums ͑ϩ͒, thus obtained for the R range of 1.0-4.0 Å are depicted in Fig. 4 In order to better understand the discrepancy between theory and experiment, we also calculated A v ϩ values based on computed vibrational wave functions obtained using the potential fitted to the experimental data, along with ab initio values of A(R) based on the SOCI electronic wave function. This method is labeled the semiempirical-SOCI method here.
B. Theoretical model for coupling of the vibrational states
In order to couple the vibrational states for particular electronic states, the following matrix is constructed and diagonalized ͑similarly to the scheme described in Ref. 23͒:
where ⌿ N v and ⌿ e i are nuclear and electronic wave functions, respectively, for given combinations of vibrational ͑v͒ and electronic ͑i͒ states, and the scalar product is taken over both nuclear and electronic coordinates. The Hamiltonian operator can include any interactions of interest. For the purpose of this paper, it includes the usual nonrelativistic Hamiltonian and spin-orbit coupling operators. The number of states to be included depends on the desired accuracy of the results. The influence of a state (vЈ,iЈ) upon the state of primary interest (v,i) can be estimated by means of perturbation theory:
where V is the coupling potential ͑e.g., spin-orbit coupling͒ and E and EЈ are the energies of the (v,i) and (vЈ,iЈ) states, respectively. For spin-orbit coupling in diatomic molecules, the matrix is block-diagonal for each eigenvalue (M J ) of the J z operator. The eigenvalues of this matrix provide diabatic vibrational levels that include coupling between adiabatic states. For relatively weak coupling, the diabatic states retain discernable adiabatic character, and the effect of the coupling may be manifested experimentally as small bumps on the plots depicting the dependence of A v ϩ's upon the vibrational quantum number v ϩ . For the system of interest, a single electronic state picture would produce a 4ϫ4 (8ϫ8) matrix for O 2
This matrix is block-diagonalized with 4 ͑8͒ blocks consisting of E MJ values corresponding to M J ϭϮ1/2, Ϯ3/2, ͑Ϯ5/2, Ϯ3/2, Ϯ1/2, ϯ1/2͒, with the property that the eigen-energy E MJ ϭE ϪMJ . The spin-orbit coupling constant can be easily calculated as, for example,
The three lowest excited O 2 ϩ states ͑A 2 ⌸ u , a 4 ⌸ u , and 2 ⌺ u ϩ ͒ interacting by means of spin-orbit coupling in O 2 ϩ were coupled using this model. In the case of O 2 ϩ (a 4 ⌸ u ), accounting for the vibrational energies shifts the various M J levels by different amounts. Consequently, the uniform splitting between all four distinct spin-orbit levels becomes nonuniform. In order to compare the theoretical predictions with the experiments, from which a single averaged spin-orbit splitting constant is reported for each multiplet, the shift in each ͉M J ͉ level due to vibrational energies was added to the uniform constant with equal weight ͑1/4͒. It should be noted that at very large distances, additional states interact with 2 ⌸ u , so that a quantitatively correct description of the spinorbit coupling behavior at the dissociation limit requires inclusion of these ͑atom-like͒ states. However, the value of the spin-orbit coupling at these large distances has only a (1/2) . They were computed with SOCI wave functions in the same manner as the spin-orbit splitting constant calculations described in the previous section.
In order to reproduce the experimental results, the zeroorder levels ͑the diagonal elements͒ must be as accurate as the perturbation, on the order of a few cm Ϫ1 for this system. It is difficult for current ab initio electronic structure theory to provide such accuracy, whereas it is possible experimentally. However, it should be possible to use experimental levels for the diagonal matrix elements and ab initio coupling terms ͑off-diagonal elements͒ in order to understand the nature of the fine features.
11
III. RESULTS AND DISCUSSION
As shown in Fig. 4 , the one-electron contributions to A(R) calculated at the SOCI level of theory are negative at RϽ1.78 Å and become positive at larger R. On the contrary, the two-electron contributions are positive at small R (Ͻ1.87 Å) and become negative at larger R. Thus, the oneelectron and two-electron contributions are both positive only in a narrow range of R in the vicinity of Rϭ1.80 Å. The A(R) value, which is the sum of the two contributions, is 2 configuration, as the contributing spinorbit integrals between active orbitals come with opposite sign and weights determined by the CI coefficients, that change along the dissociation path. We note that the inversion occurs when the A 2 ⌸ u state is computed alone, so that the inversion phenomenon comes from this state itself. Certainly when the constant becomes very small, even weak influences by other states may cause a noticeable difference and slightly change the value of v ϩ at which the inversion occurs.
The theoretical A vϩ (v ϩ ϭ0 -25) values for O 2 ϩ (a 4 ⌸ u ) obtained at the CASSCF, SOCI, and multistate coupling level of theory, together with the experimental values 10, 24, 25 for A vϩ (v ϩ ϭ0 -18), are depicted in Fig. 7 . These theoretical and experimental 10, 24, 25 values are also listed in Table  IV 
